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FLIGHT DEMONSTRATIGN O F  A NOSE-MOUNTED 

ROTATING-SOLID-PROPEJXAN!T ROCKET CONTROL SYSTEM 

AND A COMPARISON WITH STUDIES 

By Kirby H. W i l l i a m s  and Robert L. James, Jr. 
Langley Research Center 

SUMMARY 

A f l i g h t - t e s t  invest igat ion of a spa.ce-vehicle upper s tage employing a 
rotating-solid-rocket a t t i t u d e  control  system i s  described. Experimental data  
received from an onboard telemetry system a re  presented and discussed. These 
data show t h a t  t he  control  system i s  capable of providing three-axis control  
of t he  space-vehicle upper stage i n  t h e  f l i g h t  environment. Pos t f l igh t  analog 
computer s tudies  a re  a l so  presented and compared with the  f l i g h t  data. These 
r e su l t s  show good agreement, and thus va l ida te  the mathematical representation 
of t he  f l i g h t  system. 

INTRODUCTION 

With t h e  advances toward l a rge r  and more complex space vehicles there  has 
grown a need f o r  more v e r s a t i l e  and e f f i c i en t  means of control l ing them. In  
addition t o  accurate and r e l i a b l e  a t t i t u d e  control,  it would be desirable  t o  
have a control  system inherently capable of providing such auxi l ia ry  services 
as veloci ty  control,  re t ro- thrust ,  and spin-up. From a r e l i a b i l i t y  standpoint 
as  wel l  as general i ty  of application, it would be desirable  t o  have a control  
system t h a t  can be developed independently of the  main vehicle system. None 
of t h e  methods present ly  i n  use i s  capable of providing a l l  of these functions, 
and most of them engender s ign i f icant  performance degradation because of dead- 
weight and excessive actuation power requirements. The most widely used con- 
t r o l  systems at  present include je t  vanes, je tavators ,  swivel nozzles, second- 
ary in jec t ion ,  and react ion j e t s .  Except f o r  reaction j e t s ,  each of these sys- 
tems m u s t  be integrated with the  propulsion system. 

A s  p a r t  of t h e  continuing research i n  t h e  f i e l d  of aerospace controls by 
NASA, an invest igat ion was conducted t o  study t h e  control  charac te r i s t ics  of a 
system possessing a l l  of these a t t r i bu te s .  The pa r t i cu la r  model under inves t i -  
gation w a s  designed and developed under NASA contract (see ref. 1) f o r  the  
George C. Marshall Space F l ight  Center and w a s  integrated i n t o  a research vehi- 
c l e  and f l i g h t  t e s t e d  by the  Langley Research Center. The control  system con- 
sists of four  s m a l l  so l id  rockets arranged i n  a quadrate around t h e  vehicle nose. 
Control moments a re  produced by ro ta t ion  of t h e  rockets about axes perpendicular 
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t o  t h e  vehicle  center  l i n e .  
r e s u l t s  of a f l i g h t  demonstration of t h i s  control  concept as applied t o  a space- 
vehicle upper s tage and t o  provide a comparison with pos t f l i gh t  analog-computer 
analyses t o  confirm t h e  v a l i d i t y  of machine simulation. 

The purpose of this report  i s  t o  present t h e  

A previous demonstration of t h e  control  concept u t i l i z i n g  a dynamic t e s t  
stand w a s  conducted on t h e  ground. 
i n  reference 2. 
determination of gains required f o r  s a t i s f ac to ry  control,  events sequencing, 
e tc . ,  were made by using analog-computer f a c i l i t i e s  and are described i n  
reference 3 .  

Results of this demonstration may be found 
Detailed analyses of control-system nonlinear charac te r i s t ics ,  

SYMBOLS 

Measurements f o r  this invest igat ion were taken i n  t h e  U.S. Customary 
system of Units. 
System (SI) i n  t h e  i n t e r e s t  of promoting use of t h i s  system i n  fu ture  NASA 
reports  . 

Equivalent values a r e  indicated herein i n  the  In te rna t iona l  

area,  square f e e t  ( m e t e d )  

direct ion cosine used i n  computlng th rus t  component along missi le  
Y- and Z-axis, respectively,  dimensionless 

moment arm f o r  t h rus t  moment about m i s s i l e  X-, Y-, and Z-axis, 
respectively,  f e e t  (meters) 

axial-force coef f ic ien t  a t  zero flow incidence angle, dimensionless 

normal-force coef f ic ien t ,  dimensionless 

r a t e  of change of normal-force coef f ic ien t  with angle of a t tack,  

- l / radian au 
side-force coef f ic ien t ,  dimensionless 

rate of change of side-force coef f ic ien t  with angle of s ides l ip ,  

nominal t h rus t  of one control  rocket mult ipl ied by cos 10' 
(cant  angle), pound (newtons) 

FX,cJY,c,FZ,c control  t h rus t  along X-, Y-, and Z-axes f o r  nominal control 
system operation, pound (newtons) 



I I I 
control  t h rus t  along X-, Y-, and Z-axes f o r  res t ra ined  con- Fx, c , FY , c ’ FZ , c 

t r o l  system operation, pound (newtons) 

Fz, ex 

43 

Ix,Iy,Iz 

extraneous t h r u s t  along Z-axis, pound (newtons) 

acceleration due t o  force  of gravity,  feet/second2 (meters/sec2) 

m a s s  moment of i n e r t i a  about X-, Y-, and Z-axis, respectively,  
slug-feet2 (kilogram-mete#) 

K2 control-subsystem i n t  ernal-velocity feedback gain, volts/radian/second 

control- subsystem accelerat ion gain, radians /s econd2 /volt K3 

% , K q , q  

K s  

roll-, pitch-,  and yaw-rate gain, volts/radian/second 

control-rocket pos i t ion  feedback gain, volts/radian 

KPJ,Ke,K$ roll-, pitch-,  and yaw-attitude gain, volts/radian 

M Mach number, dimensionless 

mf I n e r t i a  
, radians/second2 Fr ic t iona l  moment f r i c t i o n a l  parameter, 

Mx, c J MY, c JMZ, c control  moment about X-, Y-, and Z-axes f o r  nominal control  
system operation, foot-pound (newton-meter) 

M i ,  c&, c 4 ,  c 

MX,ex,My,ex 

MY pitching moment, foot-pound (newton-meters) 

control  moment about X-, Y-, and Z-axes f o r  res t ra ined con- 
t r o l  system operation, foot-pound (newton-meter) 

extraneous moment about X- and Y-axes, foot-pound (newton-meter) 

r a t e  of change of pi tching moment with pi tching veloci ty ,  - aMY , as  
) 

foot-pound newton-meters 
radians/sec ( radians/second 

% yawing moment, foot-pound (newton-meters) 

%r 

%s 

Y 
rate of change of yawing moment with yawing veloci ty ,  - a% 

ar 
foot-pound newton-meters 

radians/second radians/second 

m m a s s ,  slugs 
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frictional parameter, Frictional moment, radians/second2 
Inertia 

rolling velocity, radians/second in equations, degrees/second in 
figures 

pitching velocity, radians/second in equations, degrees/second in 

dynamic pressure, pound/square foot (newton/meters2) 

figures 

yawing velocity, radians/second in equations, degr'ees/second in 
figures 

thrust of main rocket motor, pound (newtons) 

time, seconds 

component of missile linear velocity relative to nonrotating earth 
along X-, Y-, and Z-axis, respectively, feet/second (meters/second) 

missile linear velocity relative to nonrotating earth, feet/second 
(meters/second) 

speed of sound 

voltage input to control system, volts 

body axes of missile, dimensionless 

distance along body axes, feet (meters) 

earth-fixed axes, dimensionless 

distance along earth-fixed axes, feet (meters) 

center-of-gravity distance from nose, feet (meters) 

center-of-pressure distance from nose, feet (meters) 

moment arm for control moment about X-axis, feet (meters) 

moment arm for extraneous moment about X-axis, feet (meters) 

distance of pitch-roll control rockets from nose, feet (meters) 

distance of yaw-roll control rockets from nose, feet (meters) 

angle of attack, radians 

angle of sideslip, radians 
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6 control-rocket ro ta t ion  angle, radians 

E $ , E ~ , E ~  roll-, pitch-,  and yaw-guidance-error signals,  vo l t s  

rl flow incidence angle, radians 

e p i tch  Euler angle of missi le  r e l a t ive  t o  earth-fixed axes, second i n  
order of rotat ion,  degrees 

reference p i t ch  angle r e l a t ive  t o  earth-fixed axes, degrees OR 

8, pitch-at t i tude-error  angle of missi le  r e l a t ive  t o  gyro reference 

density, slugs/f t 3  (kilograms /meter3) 

axis,  degrees 

P 

roll N e r  angle of missi le  r e l a t ive  t o  earth-fixed axes, t h i r d  i n  
order of rotat ion,  degrees 

QI 

ro l l -a t t i tude-er ror  angle of missi le  r e l a t ive  t o  gyro reference axes, 
degrees 

$€ 

$ yaw Euler angle of missi le  r e l a t ive  t o  earth-fixed axes, f i r s t  i n  
order of rotat ion,  degrees 

yaw-attitude-error angle of missi le  r e l a t ive  t o  gyro reference axes, 
degrees 

$€ 

Subscript : e 

0 i n i t i a l  value 

Dots over symbols denote d i f fe ren t ia t ion  with respect t o  time. Primes 
indicate  rate-gyro output. 
number 1, 2, 3 ,  and 4, respectively, as shown i n  the  following sketch: 

The numbers 1, 2, 3, and 4 denote control rocket 

Z 
Sketch ( a ) - V i e w  looking forward along the  X - a x i s .  
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PHYSICAL DIBCRIPTION AND CHARACTERISTICS O F  

CONTROL SYSTEM AND RFSEARCH VEHICLF: 

The rotating-solid-rocket control system under invest igat ion w a s  used t o  
control  the  att i tude of t he  upper stage of a two-stage research vehicle. I n  
t h e  f l i g h t  appl icat ion the th rus t  forces  of the control  system were used t o  
control  t he  stage t o  predetermined roll, pi tch ,  and yaw reference a t t i t udes  by 
using a posit ion- and rate-sensing guidance system t o  provide t h e  necessary 
reference and s tabi l i ty  f'unctions. Each system of t h e  vehicle i s  discussed 
subsequently i n  t h i s  section. 

Control System 

The control  system under invest igat ion i s  an electrical-mechanical-chemical 
system which u t i l i z e s  t h e  th rus t  of four  solid-propellant rockets f o r  control  
power. The control  system i s  p i c t o r i a l l y  shown i n  f igure  1, and schematically 
shown mated with t h e  research-vehicle second s tage i n  f igure  2. The control  
system is compactly designed t o  occupy a minimum volume which necessi ta tes  t he  
unsynrmetrical locat ion of t h e  control  rockets as seen i n  f igure  2. The control  
system when ful ly  loaded weighs 190 pounds (845 N ) ,  excluding power supplies, 
and consumes a maximum of 400 w a t t s  of power. 
rockets are bearing-mounted t o  allow ro ta t ion  (within +60° of nu l l )  about axes 
parallel  t o  t h e  Y,Z plane, and are equipped with canted nozzles tha t  d i r ec t  t h e  
th rus t  rearward and i n  planes ro ta ted  loo from t h e  longi tudinal  plane of t h e  
controlled vehicle. 
arranged so t h a t  ro t a t ion  of t w o  of t h e  control  r o a e t s  produces l a t e r a l  com- 
ponents of t h rus t  and provides p i t ch  controll-ing moments. Rotation of t h e  
remaining two control  rockets produces lateral  components of th rus t  which pro- 
vide yaw control l ing moments. Roll  control  i s  obtained by d i f f e r e n t i a l  rota- 
t i o n  of the  two pitch-control rockets and by d i f f e r e n t i a l  ro ta t ion  of t h e  two 
yaw-control rockets. Thus, a l l  four control  rockets are employed f o r  roll con- 
t r o l .  
t h e  control system could provide vehicle spin-up; o r  w i t h  a +180° control  
rocket ro t a t iona l  freedom could a l so  supply vehicle  re t ro- thrust .  It must be 
noted, however, that t h e  system would be capable of performing only one of t h e  
given functions (a t t i tude control,  re t ro- thrus t ,  o r  spin-up) a t  any given t i m e .  

The solid-propellant control  

(See f i g s .  1 and 2.)  The control  system i s  geometrically 

With the incorporation of a predetermined program of command s ignals ,  

The torque necessary t o  ro t a t e  each control  rocket i s  produced by an elec- 
t r i c a l  dr ive motor and i s  transmitted t o  t h e  control  rocket through mechanical 
gearing. A potentiometer, which provides control-rocket posi t ion feedback, i s  
a l so  geared t o  t h e  control  rocket. The control  system consis ts  of four ident i -  
c a l  and individual  loops, each composed of a cont ro l  rocket, e l e c t r i c a l  dr ive 
motor, feedback potentiometer, and gearing. The nominal thrust t i m e  h i s tory  f o r  
one control rocket i s  given i n  f igure  3 .  An addi t iona l  fea ture  of t he  control  
system i s  t h a t  t he  thrust of each control  rocket can be reduced a t  any point 
during i t s  burn t i m e .  This reduction i s  accomplished by pyrotechnically 
opening a psesized por t  d i rec t iona l ly  opposite t h e  primary nozzle. The 
increased throa t  area results i n  a lower chamber pressure and thus an extension 
i n  t h e  control-rocket burn t i m e  and a reduction i n  thrus t .  This feature  could 
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be advantageous s ince it would allow a longer period of control  or  a vernier  
veloci ty  capabili ty.  (See f ig .  3 .  ) 

A more de ta i led  discussion of t he  control  system as a un i t  can be found i n  
reference 1. 

Research Vehicle 

The research vehicle employed i n  the  f l i g h t  experiment i s  a two-stage 
solid-propellant rocket vehicle  and i s  shown i n  f igure  4. 
pulsion system consis ts  of a Castor E-8 rocket motor and two Recruit motors. 
The second stage consis ts  of an Antares (X254) rocket motor ( r e f .  4) and a 
forward-mounted spacecraft .  The control  rockets and t h e i r  vulnerable accesso- 
r i e s  a re  protected during the c r i t i c a l  ascending port ion of f l i g h t  by four  
e jec tab le  fa i r ings .  The first s tage of the  research vehicle i s  used only as a 
booster t o  place the  second stage i n t o  a su i tab le  t e s t  environment. 

The f i r s t - s t a g e  pro- 

Second- S t  age System 

The second-stage system i s  the port ion of the  research vehicle which i s  of 
primary i n t e r e s t .  A s  w a s  previously indicated,  only the  second s tage w a s  con- 
sidered t o  be guided by the control  system. A drawing of t he  second s tage with 
per t inent  dimensions i s  given i n  f igu re  2. The second-stage nominal aerodynamic, 
thrust, and mass charac te r i s t ics  a r e  presented i n  f igure  5. The aerodynamic 
quant i t ies  a r e  based on a reference area of 1 square foot  and the  Antares th rus t  
( re f .  4) i s  f o r  vacuum conditions. 

The second-stage system consis ts  of t he  combination of Antares and the  
spacecraft ,  and the  control  and guidance systems which a r e  mounted i n  the  space- 
c raf t .  A block diagram showing the  in tegra t ion  of t he  individual  systems i n t o  
the  complete second-stage system i s  presented i n  f igure  6. 

A posit ion- and rate-monitoring proportional guidance system w a s  employed 
i n  the  research vehicle and w a s  developed under NASA contract ( r e f .  5 ) .  The 
guidance system uses two two-degree-of-freedom gyros which provide i n e r t i a l  
a t t i t u d e  information i n  roll, pitch,  and yaw r e l a t i v e  t o  a reference ax is  sys- 
t e m  defined by the  spin vectors of the  gyros. The guidance system a lso  employs 
three  r a t e  gyros which a re  f ixed  i n  t h e  spacecraft  t o  measure body ra tes .  The 
outputs of each gyro and the  posi t ion feedback of the  control  rockets a r e  
weighted and appropriately summed t o  provide e r ro r  s ignals  t o  the  control  sys- 
tem ( f ig .  6 ) .  
a r e  described i n  reference 3 .  

The numerical values and procedure f o r  t he  weighting and summing 

An FM/FM telemetry system located i n  the  spacecraft  w a s  employed t o  monitor 
the  desired performance parameters and t o  transmit these data t o  ground 
receiving s ta t ions .  The system w a s  t yp ica l  of units employed i n  sounding- 
rocket f l i g h t - t e s t  research. The parameters monitored by the  telemetry system 
a r e  : 
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(1) Roll, p i tch,  and yaw body rates from rate gyros i n  t h e  guidance system 

(2) Roll-, pitch-,  and yaw-attitude e r ro r  angles from at t i tude gyros i n  
the guidance system 

(3) Rotational pos i t ion  of each control  rocket. 

R E S W C H  VEHICm TRAJECTORY AND FLIGHT EVENTS 

The research-vehicle t r a j ec to ry  parameters as obtained from radar tracking 
data are presented i n  figure 7. 
f igure  f o r  reference but a more de ta i led  l i s t i n g  of t h e  events i s  included i n  
t a b l e  I. 

Selected f l i g h t  events a r e  included i n  this 

There w e r e  two malfunctions which occurred i n  t h e  f l i g h t  which caused 
deviations from t h e  planned tes t  sequence. The f i rs t  occurred a t  t h e  time of 
f a i r i n g  separation when only three  of t h e  four  f a i r ings  ejected.  A s  a result 
of this malfunction, control  motor number 3 w a s  res t ra ined  from ro ta t ion  during 
the  e n t i r e  t es t  and, s ince t h e  f a i r i n g  w a s  covering this motor, t h e  thrus t  
force imparted t o  t h e  vehicle by t h i s  motor w a s  essezltially zero. 
treatment of t h e  effect of this r e s t r a i n t  on t h e  equations of motion i s  included 
i n  t h e  appendix. 

A deta i led  

Late i n  t h e  burning period of t h e  Antares motor, another vehicle malfunc- 
t i o n  which resu l ted  i n  a premature burnout of this s tage occurred. 
t i m e  a la rge  disturbance of t h e  vehicle  occurred and temporarily overpowered 
t h e  control system. 
response i s  discussed subsequently. 

A t  t h i s  

The resu l t ing  motion of t h e  vehicle  and control  system 

RESULTS AND DISCUSSION 

F l i  ght-Te s t Results 

Control of t h e  research vehicle began soon after separation of t h e  f i rs t  
(Control rocket i gn i t i on  occurred before separation but no command stage. 

s ignals  w e r e  transmitted u n t i l  after separation.)  This 2.3-second in t e rva l  
( tab le  I) during which t h e  control  rockets w e r e  a l ined  at t h e  n u l l  posi t ion 
( f ig .  8(b)) and no s igni f icant  control moments were produced w a s  programed t o  
allow t i m e  f o r  a l l  four  rockets t o  reach the  same th rus t  l e v e l  before any con- 
t r o l  maneuvers were attempted. The control  period i s  divided i n t o  two phases. 
The first phase, referred t o  as roll control,  began a t  a f l i g h t  time of 
79.9 seconds (20.1 seconds p r i o r  t o  second-stage ign i t ion) ;  t h e  second phase, 
three-axis control,  w a s  i n i t i a t e d  a t  94.8 seconds and l a s t ed  t h e  remainder of 
t h e  f l i g h t .  
a t t i t ude  and rate control  and pi tch-  and yaw-rate control.  Later, during three- 
ax i s  control,  t h e  vehicle  i s  controlled i n  a t t i t u d e  and rate about a l l  three 
axes, roll, pitch,  and yaw. A deta i led  discussion defining t h e  requirements 
f o r  this sequencing may be found i n  reference 3 .  
8 
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Roll control.- The purpose of t he  ro l l -cont ro l  phase i s  t o  reduce any 
exis t ing roll rate t o  zero and t o  or ien t  t h e  vehicle 's  a t t i t u d e  t o  zero i n  roll. 
During this period, t h e  vehicle  p i t ch  and yaw rates a r e  controlled t o  zero; 
thus, excessive change i n  t h e  p i t c h  and yaw a t t i t u d e  i s  prevented. Figure 8 
shows p l o t s  of t h e  var ia t ion  of vehicle a t t i t udes ,  rates, and control-rocket 
ro ta t ion  angles with t i m e .  It i s  seen from f igure  8 ( a )  t h a t  a t  i n i t i a t i o n  of 
the  ro l l -cont ro l  maneuver, t he  roll rate and roll a t t i t u d e  were both above t h e  
guidance system l i m i t  (k4O0/sec f o r  rate gyros, +30° f o r  a t t i t u d e  gyros); there- 
fore ,  they had t o  be calculated.  Roll rate w a s  calculated from t h e  slope of 
t h e  ro l l - a t t i t ude  curve. Roll a t t i t u d e  w a s  then found by extrapolation of t h e  
a t t i t u d e  curve t o  t h e  proper t i m e .  It should be noted ( f ig .  8) that insofar  as 
the  output of t he  roll a t t i t u d e  gyro i s  concerned, an a t t i t u d e  of 1800 i s  
exactly t h e  same as Oo; 190°, as -10'; 170°, as loo, e tc . ;  t h a t  is ,  the inverse 
s ine function i s  double-valued. (See eq. (A27).) A t  i n i t i a t i o n  of t h e  r o l l -  
control  maneuver, t h e  vehicle  had a roll veloci ty  of 75O/sec and a roll a t t i t u d e  
of approximately 92'. 
as a t  
and the  pos i t ive  rate w a s  reduced from 7'j0/sec t o  approximately zero i n  2 sec- 
onds. 
a t t i t u d e  of 180°, t h e  vehicle w a s  unstable and the  s l i g h t  change i n  a t t i t u d e  
brought about by t h e  small res idua l  roll rate resu l ted  i n  the  development of a 
pos i t ive  roll moment and the  subsequent or ien ta t ion  of t h e  vehicle t o  zero 
a t t i tude .  
within 2'/sec and 2O, respectively; thus,  t h e  roll control  phase w a s  e s sen t i a l ly  
completed. 

With t h e  three  control  motors rotated nearly f u l l  scale ,  
t = 80.5 seconds, a la rge  negative moment w a s  imparted t o  t h e  vehicle,  

The roll a t t i t u d e  during this time changed from 92O t o  180~.  A t  an 

A t  approximately 94 seconds, t h e  roll r a t e  and a t t i t u d e  were brought 

Three-axis control.-  A t  94.8 seconds a f t e r  launch, t h e  e r ror  s ignals  f o r  
p i t c h  and yaw a t t i t u d e  w e r e  included i n  t h e  control-system driving functions 
(eqs. (A32) to. ( A 3 5 ) )  t o  i n i t i a t e  the second phase of controlled f l i g h t ,  three-  
axis r a t e  and a t t i t u d e  control.  
respectively,  i n  p i t c h  and yaw a t  t h i s  time. 
were produced immediately, and these moments brought the vehicle toward the  zero 
a t t i tude .  From figure 8(a) it i s  seen that the  t i m e  required f o r  yaw control  
i s  of t he  same order as t h a t  f o r  p i t ch  even though the  i n i t i a l  yaw er ror  w a s  
only one-half t h a t  of p i tch ;  this difference arose from t h e  f a c t  t h a t  control  
motor no. 3, a yaw control  motor, was res t ra ined  from ro ta t ing  and, consequently, 
from producing any yaw control  moments. This lack of control power i n  yaw 
coupled with extraneous p i t ch  moments from t h e  yaw-motor r e s t r a in t  (appendix) 
caused the  vehicle t o  overshoot t he  reference a t t i t u d e  several  t i m e s  before 
being s tab i l ized  near zero. Second-stage ign i t ion ,  occurring a t  
t = 100 seconds, presented l i t t l e  or no d i f f i c u l t y  f o r  t h e  control  system. 
S tab i l iza t ion  of t h e  vehicle  near zero a t t i t u d e  about a l l  axes w a s  accomplished 
i n  approximately 7 seconds and w a s  maintained within 22.5' bounds u n t i l  
131.9 seconds. 

Errors of approximately 20' and -10' existed, 
Control moments along these axes 

A t  this point t h e  second- stage propulsion un i t  malfunctioned and imparted 
t o  t h e  vehicle a s e r i e s  of la rge  disturbances. These disturbances overpowered 
t h e  control  system momentarily and caused a severe disruption of control led 
f l i gh t .  
from t h e  large i n i t i a l  disturbance and it appears that it would have damped the 
motions out en t i r e ly  had not t h rus t  reduction occurred as planned a t  142.3 sec- 
onds. This reduction of t h rus t  extended t h e  control-rocket burning t i m e  t o  

(See f i g .  8 (a ) . )  However, t h e  control  system recovered t h e  vehicle  
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approximately 169 seconds. However, since only three  control motors were pro- 
viding control moments and these motors were operating a t  the  lower thrust l e v e l  
of 5 pounds (22.24 N) ( f i g .  3), loss  of a t t i t u d e  control  resulted.  

Analog Simulation Results 

After the f l i g h t  of t he  Vector research vehicle, an analog computer study 

This study consisted of (1) simulating the  f l i g h t  motions and a t t i -  
was performed for t he  portion of controlled f l i g h t  p r i o r  t o  second-stage mal- 
function. 
tudes t h a t  the vehicle  actual ly  experienced, t h a t  is ,  with the control 
r e s t r a in t s ,  and (2) simulating the motions and a t t i t udes  as they would have 
occurred had the  control system not been restrained. 
a s e t  of equations describing vehicle motions, guidance system outputs, control 
system operation, t r a j ec to ry  parameters, e tc . ,  were programed i n  a closed loop 
on the  analog computer and the  various i n i t i a l  conditions supplied from telem- 
e t ry  and radar data. The equations f o r  making the  simulations noted i n  par t  (2) 
a re  the  same as  those given i n  reference 3 and a re  l i s t e d  f o r  convenience i n  the  
appendix. To make the  simulations noted i n  pa r t  (l), these equations had t o  be 
modified t o  take i n t o  account the  r e s t r a in t s  on the  control system. These mod- 
i f i ca t ions  a re  derived i n  the  appendix. 

To m a k e  these simulations, 

It must be pointed out t h a t  because of t he  impossibil i ty of predicting o r  
determining the  exact time his tory of some of the  parameters of the  problem, 
and because of e r rors  i n  assigning i n i t i a l  conditions, an exact simulation i n  
every d e t a i l  cannot be made. General trends of motion can, however, be simu- 
la ted.  This simulation was made a f t e r  t he  f l i g h t ,  and the  resu l t s  a r e  presented 
here as comparisons with the  f l i g h t  resu l t s .  

R o l l  control.- Figure g(a)  shows the comparison of simulated roll a t t i t u d e  
Good agreement w a s  achieved, i n  t h a t  the e r rors  with the ac tua l  f l i g h t  values. 

simulation follows closely the general trend of the f l i g h t  data. 
s i t  of the vehicle from one gyro l i m i t  t o  the other i s  the  same i n  both cases 
and s tab i l iza t ion  of the vehicle a t  near zero a t t i tude  occurs a t  approximately 
the same time f o r  both cases. Figure 10 shows a comparison between the f l i g h t  
data and the  simulation of the  motions and a t t i t udes  as they would have occurred 
had the control system not been restrained. 

Time of tran- 

Three-axis control.-  A t  a f l i g h t  time of t = 94.8 seconds, the program w a s  

The frequencies and ampli- 
stopped and new i n i t i a l  conditions were supplied f o r  the i n i t i a t i o n  of the sec- 
ond phase of controlled f l i g h t .  
tudes of osc i l la tory  motions agree very well, especial ly  i n  roll and yaw, 
although exact coincidence of the curves does not occur. 
the  overshoots i n  p i t ch  and y a w  arose from the lack of control power i n  yaw and 
the development of extraneous moments i n  p i tch .  
motors had been functioning properly, as i n  the simulations shown i n  figure 10, 
there would have been no extraneous moments i n  the  equations and p i tch  and yaw 
errors  would have been brought t o  zero very smoothly with l i t t l e  o r  no overshoot 
and would have been held at  zero f o r  the en t i r e  test. Roll a t t i t ude  would have 
been controlled t o  within 1' f o r  the  duration of the t e s t .  Total time required 

(See f ig .  g ( a ) . )  

A s  noted previously, 

(See appendix.) If a l l  four 
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f o r  vehicle s t ab i l i za t ion  would have been about 3 seconds as compared with 
7 seconds for the  three-motor operative case i n  ac tua l  f l i g h t .  

CONCLUDING FUNARKS 

A new concept i n  rocket-vehicle a t t i t ude  control has been successfully 
demonstrated on a space-vehicle upper stage. The par t icu lar  system under inves- 
t i ga t ion  u t i l i z e s  the  th rus t  of four auxi l iary so l id  rocket motors f o r  i t s  con- 
t r o l  power; control moments about t he  vehicle axes may be produced by rotat ion 
of the motors from t h e i r  n u l l  position. Velocity control, spin-up, and retro-  
th rus t  can also be incorporated in to  t h i s  system. 

Controlled f l i g h t  of the research vehicle w a s  i n i t i a t e d  by capturing a 
moderate roll r a t e  accumulated during f i r s t - s t age  thrust and coast, and by 
orienting the vehicle i n  a roll sense t o  i t s  reference a t t i t ude .  This maneuver 
w a s  accomplished within the a l l o t t e d  time of 15 seconds even though only three 
of the four control rockets were functioning properly. 

Immediately a f t e r  the s t ab i l i za t ion  of the  vehicle at  i t s  reference a t t i -  
tude i n  roll, the control of vehicle a t t i t udes  about the two remaining axes was 
in i t i a t ed .  I n i t i a l  errors  i n  p i tch  and y a w  were reduced i n  nominal fashion but 
the  lack of control  power from rocket no. 3 allowed the vehicle t o  overshoot 
the reference a t t i t ude .  S tab i l iza t ion  of vehicle a t t i t udes  about a l l  three 
axes w a s  maintained within f2.5' of zero u n t i l  a malfunction of the research- 
vehicle propulsion uni t  imparted large disturbances t o  the vehicle and over- 
powered the control system. However, these motions were being s igni f icant ly  
damped when thrust  reduction e f fec t ive ly  removed control-system moment-producing 
capabili ty.  Computer simulations show t h a t  i f  all four motors had functioned 
properly, the vehicle a t t i t ude  f o r  a l l  axes would have been held within f1° of 
zero u n t i l  second-stage malfunction. 

Postf l ight  analog-computer simulations show good agreement with data  
obtained from the ac tua l  f l i gh t ;  thereby the va l id i ty  of a mathematical model 
of the research vehicle w a s  confirmed, and the f e a s i b i l i t y  of r e l i ab ly  simu- 
l a t i n g  the f l i g h t  of space vehicles u t i l i z i n g  t h i s  type of control  system w a s  
ver i f ied.  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., December 2, 1965. 



APPENDIX 

EQUATIONS DESCRIBING VEHICLE AND TRAJEETORY SIMULATION 

FOR UNRESTRAINED AND RESTRAINED CONTROL SYSTE24 

Basic Equations 

This appendix is concerned with defining the effects on vehicle dynamics 
of altering in some way the performance of one of the control rockets. 
of the vehicle equations of motion, the control-system contributions are modi- 
fied to account for the restraint on the control motor. Equations from refer- 
ence 3 describing the simulation for unrestrained control system operation are 
repeated for convenience. 

In each 

m i  - mvr + mwq = F(COS 61 + cos 62 + cos 63 + cos 644) 

+ T - m~ sin e + CX,O<A 

- muq + mvp = F(sin 62 + sin 64) + Tb + mg cos 9 cos 0 + C k G A  (A31 

~ I x  = -F(sin 6 1  - sin 63 - sin 62 i- sin 64)xp + Tc 

6Iy + rpIx - rpIz = -F (sin 62 + sin 64) (xcg - xq) + Td + Myqq 
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APPENDIX 

p = -  V 
U 

dv2 + w2 
U q =  

- 1 2  9 = p v  

v = $3 + v2 + j !  

$ =  
q sin 8 + r cos 8 

COS e 

3 = p + + sin e 

6 = g cos $ - r sin 8 

e = L Q a t + e o  

;CE = u(cos 0 cos 9)  +  COS sin $ sin e - s i n  9 cos Id) 

+  COS 9 cos $ sin e + sin 9 sin $) (m9) 
13 



APP" 

$E = u(cos e s in  q )  i- v(sin ~r sin pI s i n  e + cos ~r cos 8) 

+ w(sin ~r cos pI sin e - cos ~r s in  $) (A201 

iiE = -u(sin e) + v(sin $ cos e )  +  COS e cos pI) (A211 

sin 8, = sin 8 cos 8R - cos 8 cos Jr sin 8R (A25 1 

sin Jr ,  = cos 8 sin \cr (A261 

sin 9, cos e, = sin $ sin e cos q sin e R  - cos 8 s in  s i n  OR 

+ sin $ cos e cos 8R (w) 

(A.28) i- K2K3fi - 9 = K 3 V s  
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The primes over the  r a t e s  r, q, and p i n  equations (A29), (A3O), and (A31), 
respectively, denote body r a t e s  l e s s  than o r  equal t o  saturat ion value. Rates 
greater  than saturat ion value appear a s  saturat ion value t o  the  guidance system. 
(See ref .  3, p. 15.) 

Modifications 

The nonejection of the no. 3 control rocket f a i r ing  resulted i n  two 
r e s t r a in t s  being placed on t h a t  control rocket: 
rocket a t  the n u l l  posit ion,  and (2)  reduction of the  effect ive thrust t o  zero. 

(1) retent ion of the  control 

The following analysis describes the way i n  which the force and moment 
equations f o r  nominal control-system operation must be modified t o  account f o r  
the  r e s t r a in t s  on control rocket no. 3 .  Although the  analysis i s  applied t o  
r e s t r a i n t s  on no. 3 rocket, it should be noted t h a t  the same general conse- 
quences would a r i s e  from a s imilar  a l t e r a t ion  of one of t he  other motors. 

In  the equations of motion (eqs. ( A l )  t o  (A6)) the  term F denotes the 
component of control-rocket th rus t  i n  planes perpendicular t o  the Y- and Z-axes 
of the vehicle; t h a t  i s ,  the product of nominal control-rocket thrust and 
cos loo, where loo i s  the cant angle of the  rocket from the longitudinal axis  
of the  vehicle. 

Multiplication of the  quantity F by the  cosine of the  control rocket 
rotat ion angle 6 
the  vehicle 's  X-axis. 
th rus t  i n  the x-direction due t o  the  control system is: 

gives the th rus t  component of that motor i n  the  direct ion of 
For nominal operation of a l l  control motors, the  t o t a l  

FxrC = F ( ~ o s  61 + COS 62 + COS 63 + COS 64) (A361 

With motor no. 3 rest ra ined from any ro ta t ion  and from thrusting, equation (A36) 
becomes 



Multiplication of F by the  sine of t he  ro ta t ion  angle of a control rocket 
gives the  thrust component of t h a t  motor i n  the  l a t e r a l  direction. For nominal 
operation then, the  t o t a l  thrust along the  vehicle Y-axis is: 

(The minus sign i s  inser ted t o  insure that ro ta t ion  of the  control motor w i l l  
give a thrus t  component i n  the  desired direction. ) 

If motor no. 3 is  restrained from rotat ion,  equation ( ~ 3 8 )  becomes simply 

F;,~ = -F s i n  ( A39 1 

The t o t a l  thrust i n  the  z-direction is, f o r  nominal control system 
operation, 

F ~ , ~  =  i sin 62 + s i n  64) 

W i t h  the  r e s t r a i n t s  on motor no. 3, there  i s  an addi t ional  force i n  the  
z-direction given by: 

F z , ~ ~  = (Fl) s i n  10' 

(See sketch (a) .) 

The multiplication of the l a t e r a l  t h rus t  of a control motor by the r o l l  
moment arm x9 
the  X-axis. 
control moment i s  : 

gives the contribution of  that motor t o  the  t o t a l  moment about 
For nominal operation of a l l  four control motors, the  t o t a l  roll- 

MX,~ = -F(sin 6 1  - s i n  63 - s i n  62 + s i n  €j4)xp (A421 

With the r e s t r a in t s  on motor no. 3 ,  the t o t a l  rol l -control  moment is: 

= -F(sin 6 1  - s in  62 + s i n  €544)~~ + F2xp' s i n  10' 
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APPENDIX 

Because of the offset geometry (sketch (b ) ) ,  the thrust of each control 
rocket produces a moment in the roll direction; under nominal conditions, these 
moments add up to zero 

but, for F3 = 0, equation (A44) becomes 

M ~ , ~ ~  = F ~ x ~ '  sin loo 

as in equation (A43). 

I 
1 
I - _ -  - ---- 
I 
I 

F4 sin loo 

Z 

I 
1 3  +- 
F3 sin loo 

Y 

F2 sin loo 

Sketch (b) - View looking forward, along positive X-axis. 

The total pitch-control moment for nominal control-system operation is: 

M ~ , ~  = -F (sin 62 + sin 84) (xcg - xq> (A451 



APPENDIX 

The r e s t r a i n t s  on the control system re su l t  i n  the development of an extraneous 
moment i n  p i tch  which m u s t  be added t o  equation (A45). This additional moment 
a r i s e s  from t he  imbalance between motors nos. 1 and 3 (as shown i n  sketch ( c ) )  
and i s  given by 

Myyex = -F1 s i n  1O0(xcg - X r )  - FIXp COS 6 1  COS 10' 

Motor 1 

~ 

center 

X 

of gravity 

Sketch ( e )  

Motor 3 

Tl 
F 3 s in  loo = 0 

F COS 10' COS 83 = 0 3 
> 
Z 

With the yaw control motors functioning properly, the yaw-control moment 
i s  given by: 

M ~ , ~  = -F (sin ti1 + s in  83)  (xcg - X r )  (A471 

When motor no. 3 i s  not f r e e  t o  rotate ,  t h i s  equation becomes simply 
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APPENDIX 

To make the simulations presented i n  t h i s  report, the  thrus t  and rotat ion 
angle of control rocket no. 3 were considered t o  be zero. 
t ions  describing the  vehicle simulation for t h i s  modified system are  

The complete equa- 

m; - mvr + m q  = F(COS 61 + cos tj2 + COS 64) + T - mg s in  8 + c ~ , ~ < A  ( A49 1 

I& - mwp + mur = -F(sin 61) + Ta + mg s i n  (d cos 8 + Cy PQA (A501 P 

& - muq + rmrp =  s sin 62 + s i n  64) + ~1 sin  10' + ~b 

+ mg COS $ COS 9 + CzaGA (A511 

~ I x  = -F(sin 6 1  - s i n  62 + s in  6 4 ) 5  + F25' s i n  10' + TC (A52 1 

~ I z  f pgIy - pqIx = -F(sin 61)(xcg - X r )  + Te + Mzrr 

+ CYpB;iA(Xcg - xcp) 
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TABU3 I.- SEQUENCE OF FLIGHT WENTS 

Event : Flight  t i m e .  sec 

Torque gyros . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Igni t ion of Castor engine . . . . . . . . . . . . . . . . . . . . .  
Igni t ion of  Recruit engines . . . . . . . . . . . . . . . . . . .  
Burnout of Recruit engines . . . . . . . . . . . . . . . . . . . .  
Burnout of Castor engine . . . . . . . . . . . . . . . . . . . . .  
Ejection of f a i r ings  . . . . . . . . . . . . . . . . . . . . . . .  
Alinement of control  rockets . . . . . . . . . . . . . . . . . . .  
Igni t ion of  control  rockets . . . . . . . . . . . . . . . . . . . .  
Firs t -s tage separation . . . . . . . . . . . . . . . . . . . . . .  
Roll control i n i t i a t e d  . . . . . . . . . . . . . . . . . . . . . .  
Three-axis control  i n i t i a t e d  . . . . . . . . . . . . . . . . . . .  
Igni t ion of  Antares engine . . . . . . . . . . . . . . . . . . . .  
Reduction of control  rocket t h rus t  . . . . . . . . . . . . . . . .  
Burnout of cont ro l  rockets . . . . . . . . . . . . . . . . . . . .  
Malfunction and burnout of Antares engine . . . . . . . . . . . .  

-4.4 
0.1 
0.3 
2.6 

41.7 
72.6 
75.8 
77.6 
79.6 
79.9 
94.8 

100.0 
131 9 
142.3 
168.6 
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Figure 2.- Research-vehicle second stage. Xcg i s  measured r e l a t ive  t o  theore t ica l  nose. 
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Figure 4. - General configuration of research vehicle. 
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Figure 8.- Flight results as obtained from telemetry. 
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Figure 8.- Concluded. 
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Figure 10.- Comparison of flight results with analog simulations for 
unrestrained control system. 
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